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Magnetization measurements under a hydrostatic pressure of P= 1.4 GPa were performed on the 
coupled spin dimer system TlCuCls, which exhibits a pressure-induced quantum phase transition 
from a gapped singlet state to an antiferromagnetic state at Pc = 0.042 GPa. Antiferromagnetic 
ordering with ordered moments parallel to the ac plane was observed at Tn = 16.7 K at 1.4 GPa. 
The spin reorientation phase transition was observed at Tr ~9.2 K for zero magnetic field, at which 
the ordered moments start to incline towards the h axis. With increasing external field parallel to 
the h axis, a second-order phase transition from the oblique antiferromagnetic (OAF) phase to the 
spin-fiop (SF) phase occurs below Tr. We argue that the OAF phase arises from the competition 
between the anisotropic energies of the conventional second order and the fourth order, that increases 
with increasing pressure. We discuss the OAF-SF transition within the framework of the mean field 
approximation. 

PACS numbers: 75.10.Jm, 75.40.Cx 



I. INTRODUCTION 

Recently, quantum spin systems composed of antifer- 
romagnetic spin dimers have been attracting consider- 
able attention from the viewpoint of the quantum phase 
transition (QPT), which is a phase transition between 
different quantum ground states induced by a contin- 
uous change in interaction constants or applied field 
P, 1^] . Such spin dimer systems often have gapped sin- 
glet ground states and undergo the QPT to magneti- 
cally ordered states upon the application of external mag- 
netic field I, i, i, i S i, i, [O, E 0, H . This 
field-induced magnetic ordering can be understood as the 
Bose Einstein condensation (BEG) of spin tri plet s called 

magnons or triplons [H m, M: [13, m [SM im. 

TlCuGls is an S—1/2 spin dimer system, in which a 
pair of Gu^+ spins in the chemical dimer CU2CI6 forms 
an antiferromagnetic dimer [6]. The exchange interac- 
tions between neighboring dimers are three-dimensional. 
The magnitude of the excitation gap is A/fee = 7.5 K 
[1, 01 ■ The small gap, compared with the intradimer in- 
teraction J/kB = 65.9 K, is attributed to large interdimer 
interactions [13, HI]. TlGuGla undergoes the magnetic 
QPT not only in magnetic field but also under hydro- 
static pressure [U, [2^ [2^, [23|. The critical pressures 
obtained through magnetization measurement and a neu- 
tron scatte ring experiment are Pc = 0.042 GPa 0| and 
0.107 GPa [23], respectively. The pressure-induced mag- 
netic QPT is simultaneously cause d by the softening and 
the EEC of the triplet excitations [H, HI, [l^l . The soft- 
ening of the triplet excitations results from the decrease 
in the intradimer exchange interaction and the increase 
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in the interdimer exchange interactions under hydrostatic 
pressure [3ll[33|. 



When an external magnetic field is applied parallel 
to the [2, 0, 1] direction for P>Pc, the spin-flop transi- 
tion is observed at iJgf — 0.7 T [23|, which indicates that 
the spin direction in the pressure-indued ordered state 
is close to the [2, 0, 1] direction. Neutron elastic scat- 
tering experiments performed at P=1.48 GPa [1^ [2^ 
revealed that the spin direction just below the ordering 
temperature Tn = 16.9 K is in the ac plane and close to 
the [2, 0, 1] direction, as shown in Fig. [1] with 6 = 0° and 
a~43°. This spin direction is identical to those in the 
magnetic- field-induced ordered state for H \ \b 6] and in 
the impurity-induced ordered state in TlGui-ajMgajGla 



Oosawa et al. [26| performed a polarized neutron elas- 
tic scattering experiment at P = 1.48 GPa and demon- 
strated that TlCuCls undergoes another phase transition 
at Tr ~ 10 K, at which the ordered spins lying in the ac 
plane start to incline toward the h axis. The angle 9 be- 
tween the ordered spins and the ac plane increases to 40° 
with decreasing temperature [2^. No such oblique anti- 
ferromagnetic (OAF) phase was observed in the previous 
magnetization measurement for P < 0.8 GPa [2^. There- 
fore, the OAF phase is expected to occur for P > 0.8 GPa. 
To investigate this pressure-induced successive magnetic 
phase transition and obtain the phase diagram including 
the OAF phase, we performed the magnetization mea- 
surement under hydrostatic pressure P=1.4 GPa. In 
this paper, we report the results and discuss the mecha- 
nism leading to the OAF phase. 
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FIG. 1: Spin structure of pressure-induced ordered state in 
TlCuCls. The inset shows the definitions of the angles a and 
9 representing the spin direction. The angle 9 denotes the 
angle between the ordered spin moment and the ac plane, 
and the angle a denotes the angle between the a a^cis and the 
ordered spin moment projected onto the ac plane. 

II. EXPERIMENTAL DETAILS 

Single crystals of TlCuCls were grown by the vertical 
Bridgman method. The details of sample preparation 
were reported in reference The magnetization mea- 
surements were performed using SQUID magnetometer 
(Quantum Design MPMS XL) in the temperature region 
2.2K<r < 50K in magnetic fields of up to 1 T. The 
magnetic fields were applied parallel to the b axis. The 
hydrostatic pressure P = 1.4 GPa is applied using a cylin- 
drical high-pressure clamp cell designed for use with the 
SQUID magnetometer. A sample of size 2.5 x 2.5 x 4.5 
mm'^ was set in the cell with its b axis parallel to the 
cylindrical axis. As pressure-transmitting fluid, Daphne 
7373 oil (Idemitsu Oil & Gas) was used. The pressure 
was calibrated with the shift of superconducting transi- 
tion temperature of tin placed in the pressure cell. 

III. RESULTS AND DISCUSSIONS 

As temperature is lowered, the magnetic susceptibil- 
ity of TlCuCla under the hydrostatic pressure of i-'= 1.4 
GPa exhibits a broad maximum at Tmax — 35 K and 
then decreases, as observed at ambient pressure [1]. 
Figure[2] shows the low-temperature static susceptibility 
X — M/H. The magnetic susceptibility for H — Q.l T is 
negative below 2.5 K. This behavior is unphysical and 
caused by the diamagnetic background due to the pres- 
sure cell. We measured the magnetization of the pressure 
cell without sample to estimate the diamagnetic back- 
ground and subtracted its magnetization from the exper- 
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FIG. 2; Temperature dependence of magnetic susceptibilities 
in TlCuCls measured at H=Q.l and 0.2 T for P=1.4 GPa. 
Inset shows dM/dT vs T measured at Ji"=0.2 T. 



imental result. However, the correction for the diamag- 
netic background is insufficient, because the background 
can not be reproduced completely. The magnetic suscep- 
tibility displays a bend anomaly at Tn = 16.7 K indica- 
tive of antiferromagnetic long range ordering. The Neel 
temperature is almost independent of the external mag- 
netic field up to 1 T, and is consistent with Tn = 16.9 K 
observed in the polarized neutron elastic scattering ex- 
periment under a similar hydrostatic pressure of P = 1.48 
GPa [1^. 

The magnetic susceptibility is nearly independent of 
temperature down to Pr,. This behavior is typical of the 
perpendicular susceptibility, and thus, the ordered mo- 
ments lie in the ac plane for Pn > P > Pr. It is notewor- 
thy that with further decreasing temperature, the mag- 
netic susceptibility decreases rapidly. When the ordered 
moments are inclined by an angle 9 from the ac plane 
(see the inset of Fig. 1), the magnetic susceptibility of 
the antiferromagnet composed of two sublattices is given 
by X = cos^ 9 + X|| sin^ 6', where X-L is the perpen- 
dicular susceptibility that is approximately constant in 
the ordered phase and X|| is the parallel susceptibility 
that decreases toward zero for P^O. Thus, the rapid 
decrease in the susceptibility below Pr can be attributed 
to the inclination of the ordered moments toward the ex- 
ternal field direction parallel to the b axis, i.e., a spin 
reorientation transition occurs at Pr. 

We assign the phase transition temperature Pr to the 
temperature of inflection in the temperature derivative of 
magnetization dM/dT as shown in the inset of Fig.El Pn 
and Pr obtained from the temperature scan of the mag- 
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FIG. 3: Phase diagram for magnetic field vs temperature at 
P=1A GPa.The magnetic field is applied parallel to the 6 
axis. OAF, SF and PM mean the oblique antiferromagnetic 
phase, spin-flop phase and paramagnetic phase, respectively. 
Triangles and squares denote Neel temperature Tn and spin 
reorientation transition temperature Tr, respectively, that are 
determined from the temperature scan of magnetization. Cir- 
cles mean the magnetic field He giving a peak in dM/dH as 
shown in the inset of Fig. 4. 



netic susceptibility are summarized in Fig. [31 The transi- 
tion temperature Tr decreases as the external magnetic 
field increases, while the Neel temperature Tn is almost 
independent of temperature. The transition temperature 
Tr extrapolated to i? = G T is Tr~9.2 K. In the pre- 
vious magnetization measurement for P<0.8 GPa [24| . 
the antiferromagnetic ordering corresponding to Tn was 
observed for P > Pc — 0.042 GPa, but no anomaly indica- 
tive of the additional transition was observed. Thus, the 
spin reorientation transition emerges between 0.8 and 1.4 
GPa. 

Figured] shows magnetization curves for P=1.4 GPa 
measured at various temperatures. In the data for 
T = 2.2 and 3.5 K, there are low-field regions with 
dM/dH< 0. This unphysical behavior is a result of the 
correction of background due to the pressure cell being 
insufficient. For T<7.5 K, a bend anomaly is observed 
at the field indicated by arrows in Fig. 21 We define the 
transition field He as the field giving a peak in dM/dH, as 
shown in the inset of Fig.lH No hysteresis was observed 
around H^. The transition fields He obtained at vari- 
ous temperatures are summarized in Fig. [31 The phase 
boundaries determined from He and Tr are consistent 
with each other. The error bar for He shown in Fig.[3l 
corresponds to the width of the peak in dM/dH. With 
increasing temperature, the transition field He decreases. 
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FIG. 4: Magnetization curves of TlCuCls for H \\h measured 
at various temperatures under hydrostatic pressure P=1.4 
GPa. Each plot is shifted upward successively by 2 emu/mol 
for clarity. The solid lines represent magnetization curves 
calculated using Eqs. ((T)) and (jSJ. Inset shows dM/dH vs H 
measured at T—2.2 K. 



The anomaly observed at H — He becomes weak as the 
temperature increases, and for T> 7.5 K, the transition 
field He cannot be detected. The magnetization at T = 12 
K is almost proportional to external field. 

The ordered moments for H > He lie in the ac plane 
that is perpendicular to the external field, because the 
magnetization is proportional to external field, and its 
slope is almost the same as the magnetic susceptibility 
for Tn>T>Tr. The transition at He is different from 
the conventional spin-flop transition accompanied with 
a magnetization jump, because the present transition is 
continuous. Since there is a certain amount of error in 
the absolute value of the magnetic susceptibility at low 
temperatures, the angle between the ordered moments 
and the ac plane in the ground state cannot be deter- 
mined from the susceptibility data. However, from the 
results of neutron elastic scattering experiments [2^, [2^ 
and the magnetic susceptibility described above, we can 
deduce that the ordered moments are inclined from the 
ac plane toward the b axis for T < Tr and H < He, i.e., an 
oblique antiferromagnetic (OAF) state is realized in the 
low-temperature and low-field region. As shown below, 
the continuous phase transition at He is well described as 



the transition from the OAF phase to the spin-flop (SF) 
phase. Here, in the SF phase, the ordered moments are 
perpendicular to the external magnetic field, i.e., the SF 
phase is identical to the ordered phase between Tn and 

Next, we discuss the magnetic-field induced phase 
transition using the mean-field approximation based on 
the two-sublattice model. The OAF state cannot be 
stabilized within the anisotropy of the second order 
that arises from the dipole-dipole interaction and the 
anisotropic exchange interaction, because the spin axis 
is confined to be parallel or perpendicular to the prin- 
cipal axis of the anisotropy. Therefore, we need the 
anisotropy of fourth order, as discussed by Igarashi and 
Nagata [SJ, |3^ for the ground state in the mixed antifer- 
romagnet CsMni_3:Coa:Cl3-H20. 

From the the results of magnetization measurements 
under various pressures [2^ and ESR measurements at 
ambient pressure l3^,l33|, it is expected that the easy axis 
at low pressure is close to the [2, 0, 1] direction (a — 51° 
in Fig. 1) and the b axis is the second easy axis. We 
define the x and y axes to be parallel to the easy axis in 
the ac plane and the b axis, respectively, as shown in the 
inset of Fig. 1, and assume that the ordered moments at 
P = 1.4 GPa are restricted to the xy plane. We introduce 
the phcnomenological anisotropy energy of fourth order 
to stabilize the OAF state and then write the energy of 
the system as 



yib) 




FIG. 5: Configuration of sublattice magnetizations Mi and 
M2. Dashed line denotes the spin axis that is canted from 
the X axis by angle 9. 



and 



COS^e = 



2AKM^ 



2ALM* 



(4) 



for 0<H<Hc and 9 = 0° for H > H^, where is the 
transition field given by 



E 



-(Ml 
K 



M2) H 



AMi-M2 



Pi) 



(1) 



H, = ^2AiLMl-K)Mo, 
which is obtained by setting 0^0° in eq. ([4]) 



(5) 



From eqs. ([3]), ([4]) and we obtain 



where Mi and M2 are sublattice magnetizations and Mq 
denotes their magnitude. The first and second terms of 
eq. (H)) are the Zeeman term and the exchange energy, 
respectively. The third and last terms are anisotropic 
energies of the second order and the fourth order, re- 
spectively. Pi and /32 are direction cosines of Mi and 
M2 to the X axis, respectively, and coefficients K and L 
are both positive. The second-order anisotropy prefers 
ordered moments pointing in the x direction, while the 
forth order anisotropy prevents such moments. The con- 
dition AMq:^ H,KMo,LMq is satisfied in the present for < H < He and 
case. 

The sublattice magnetizations in the ground state are 
expressed as 



When the condition LM§ > K is satisfied, the OAF 
state is stabilized as the ground state. The oblique angle 
at zero magnetic field is given by cos^^o = K/{LMq). In 
this case, the magnetization M is expressed as 



M = — cos^ I 
A 



M = 



sin^eio^g ^ co^Oq^ 



Am 



M 



H 

~A 



A 



(6) 



(7) 



(8) 



Ml = Mo (cos (6* sin (61 + (/>), 0) , 
M2 = Mo(-cos(6'-(^),-sin(6'-0),O) 



(2) 



where angles of 9 and are defined in Fig. [51 f3i and f32 in 
eq. (P) are given by Pi = cos {6 + 0) and P2 = cos [9 — (f)). 
Substituting eq. ([2]) into eq. H]), the equilibrium condi- 
tions are given as 



H 



sm( 



2AMq 



cos 9 . 



(3) 



for H > He ■ A continuous phase transition without any 
magnetization jump occurs at He- Figure[6] shows ex- 
amples of the magnetization curve and its field deriva- 
tive dM/dH calculated with ffc = 0.28 T, 6*0=70° and 
X_L — 3.0 X 10"'^ emu/mol. The calculated magnetization 
and dM/dH curves reproduce the features of those plot- 
ted in Fig.m 

We analyze the magnetization, using Eqs. (O, ^ and 
([5]), with the remaining background term due to the 
pressure cell being linear in H. The value of A = 1/x_l 
is obtained from the slope of the magnetization curve 
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FIG. 6: Calculated magnetization curves and its field deriva- 
tive dM/dH with T, do =70° and x± =3.0 x 10"^ 
emu/mol. 



sumed, the results of the present analysis are applicable 
at finite temperatures as long as X-L^X|| is satisfied. 
This condition should be satisfied for T<rN/3. Fig- 
ure[7] shows the temperature dependence of the oblique 
angle at zero magnetic field 9q. With increasing tem- 
perature, the oblique angle 9o decreases and becomes 
zero at Tr~9.2 K. This is because the magnitude of 
the sublattice magnetization Mq decreases with increas- 
ing temperature, and LMq =K a.t Tr. At T = 4.0 K, we 
obtain 9q=52°, which is somewhat larger than 6*0=40° 
obtained in the polarized neutron elastic scattering ex- 
periment [26j . 

In the coupled spin dimer system TlCuCla , the magni- 
tude of the sublattice magnetization Mq depends on the 
applied pressure. At T = 0, Mq is approximately propor- 
tional to {P — Pc)^^^ jl^. In the present pressure range 
of 1 GPa, which is much larger than the critical pressure 
Pc = 0.042 GPa, the pressure dependence of Mo is given 
by Mq with coefficient i^. Therefore, the pressure 

dependences of the transition field and oblique angle re- 
spectively are 



= ^2A^PmP - K) , 



(9) 



and 
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When P = K/{L^) is satisfied with increasing pressure, 
the OAF phase emerges as the ground state. If the co- 
efficients K and L are independent of temperature, the 
threshold pressure Pqaf of the OAF phase is given by 



-PoAF = /qCos^Qo, 



(11) 



where 8o is the oblique angle at T=0 for the present 
pressure Po = l-4 GPa. Substituting 90=^75° for T^O, 
we obtain Pqaf— 0.1 GPa. This Pqaf value is too small, 
because the threshold of emergence of the OAF phase in 
TlCuCls is between 0.8 and 1.4 GPa. Therefore, we infer 
that similarly to the dominant intradimer exchange in- 
teraction [sil, [s^l , the coefficient K for the second-order 
anisotropy decreases with increasing pressure. To ob- 
tain the pressure dependences of the transition field and 
oblique angle, and also the pressure-temperature phase 
diagram, detailed magnetization measurements under 
various hydrostatic pressures are now in progress. 



FIG. 7: Temperature dependence of the oblique angle at zero 
magnetic field 6o between the ordered spin moments and the 
b axis obtained by the present analysis. The solid line is a 
guide for the eyes. 

for H > He- Solid lines in Fig. |4] are calculated magne- 
tization curves (for 2.2 K, = 0.27 T, 6*0 =67.7° and 
X_L = 3.0x10"^ emu/mol). The calculated magnetiza- 
tion curves are in good agreement with the experimental 
result. Although the present analysis is based on the spin 
configuration of the ground state, i.e., |Afi| = 171^21 is as- 



IV. CONCLUSIONS 

We have presented the results of magnetization mea- 
surements on the gapped spin system TlCuCls under a 
hydrostatic pressure of 1.4 GPa in magnetic fields paral- 
lel to the b axis. The pressure-induced antiferromagnetic 
ordering occurs at Tn = 16.7 K. An additional phase tran- 
sition to the oblique antiferromagnetic (OAF) phase was 
observed at Tr ~ 9.2 K and zero magnetic field. This re- 
sult verifies the observation of polarized neutron scatter- 
ing performed at 1.48 GPa by Oosawa et al. [1^. With 



increasing external field, the second order phase transi- 
tion from the OAF phase to the spin-flop (SF) phase, 
which is identical to the ordered phase between Tn and 
Tr, occurs for T<Tr. We introduced the phenomeno- 
logical anisotropic energy of fourth order, that prevents 
the ordered moments from lying in the ac plane and dis- 
cussed the ground state using the mean-field approxi- 
mation based on the two-sublattice model. Our model 
describes (i) the emergence of the OAF state with in- 
creasing pressure, (ii) the decrease of the oblique an- 
gle toward zero at Tr with increasing temperature, and 
(iii) magnetization curve associated with the continuous 
OAF— SF phase transition. The origin of the fourth- 
order anisotropy may be the magnetoelastic coupling and 
the coupling between applied pressure and linear strain. 
However, definite mechanism leading to the forth-order 
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anisotropy is an open question. 
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